Abstract: As medium-strength steels are promising candidates for the hydrogen economy, it is important to understand their interaction with hydrogen. However, there are only a limited number of investigations on the behavior of medium-strength steels in hydrogen. The existing literature indicates that the influences of hydrogen on the tensile properties of medium-strength steels are mainly the following: (i) the steel can be hardened by hydrogen, as demonstrated by an increase in the yield stress or ultimate tensile stress; (ii) some steels can be embrittled by hydrogen, as revealed by lower yield stress or ultimate tensile stress; (iii) in most cases, these steels may experience hydrogen embrittlement (HE), as indicated by a reduction in ductility. The degree of HE mainly depends on the test conditions and the steel. The embrittlement can lead to catastrophic brittle fracture in service. The influence of hydrogen on the fatigue properties of medium-strength steels is dependent on many factors such as the stress ratio, temperature, yield stress of the steel, and test frequency. Generally, the hydrogen influence on fatigue limit is small, whereas hydrogen can accelerate the fatigue crack growth rate, leading to a shorter fatigue life. Inclusions are an important factor influencing the properties of medium-strength steels in the presence of hydrogen. However, it is not possible to predict the influence of hydrogen for any particular steel that has not been experimentally evaluated or to predict service performance. It is not known why similar steels can have different behavior, ranging from good resistance to significant embrittlement. A better understanding of the microstructural characteristics is needed.
Introduction
In 1874, Johnson reported the degradation of mechanical properties of iron and steel due to hydrogen. He described the phenomenon as: 'This change is at once made evident to any one by the extraordinary decrease in toughness and breaking strain of the iron so treated, and is all the more remarkable as it is not permanent, but only temporary in character, for with lapse of time the metal slowly regains its original toughness and strength' (Johnson, 1874) . Since then, there have been many investigations into the influence of hydrogen on the mechanical properties of steels. Comprehensive reviews from different viewpoints have been published (Barnoush, 2011; Ćwiek, 2010; Elboujdaini & Revie, 2009; Eliaz, Shachar, Tal, & Eliezer, 2002; Gangloff & Somerday, 2012; Hirth, 1980; Lynch, 2012; Nagumo, 2004; Oriani, Hirth, & Smialowski, 1985; Raja & Shoji, 2011) . Generally, hydrogen degradation is classified into five types (Ćwiek, 2010; Lino, 1985) : (i) cracking from precipitation of internal hydrogen, leading to shatter cracks, flakes, and fish-eye fractures; (ii) hydrogen attack; (iii) hydrogen blistering; (iv) cracking from hydride formation; and (v) hydrogen embrittlement (HE). Ćwiek (2010) has given a brief description of each damage type and some prevention methods. In this review, we mainly focus on the fifth type of hydrogeninduced damage -HE.
HE is the hydrogen-induced decrease in the properties of steel components such as reduced ductility and tensile strength, subcritical crack growth under monotonic loading, and increased fatigue crack growth (FCG) rates. Some standards for HE measurement are given in the following references (ASTM, 2011 (ASTM, , 2012a .
HE can be divided into two types (Raja & Shoji, 2011) : (i) 'internal hydrogen embrittlement' (IHE), which is due to the preexisting hydrogen already inside the steel, such as from pickling during manufacture, and (ii) 'hydrogen environment embrittlement', wherein hydrogen is from the environment, such as from corrosion in aqueous solutions, cathodic protection, and hydrogen gas. This latter case is the main focus of most research.
High-strength (and ultra-high-strength) martensitic steels with yield strengths higher than about 1400 MPa (hardness higher than 38 on the Rockwell C scale) are particularly susceptible to IHE (Raja & Shoji, 2011; Ramamurthy & Atrens, 2013) , even when the hydrogen content is < 1 ppm (Ramamurthy & Atrens, 2013) . Although laboratory vessels can be made out of exotic materials, there is an economic incentive to use less expensive materials such as steels, as the technology is scaled up. Thus, there is a requirement to understand the interaction of hydrogen with mediumstrength steels that may be suitable for hydrogen service.
This review focuses on the influence of hydrogen on the properties of medium-strength steels, typically with tensile strengths in the range of 600-1000 MPa. Perng and Wu (2003) reviewed the mechanisms of hydrogen entry into metals. For steels in service, there are two sources of hydrogen from the environment: (i) hydrogen gas and (ii) corrosion. The overall gas-solid interaction is defined in terms of three steps: physisorption, chemisorption, and absorption. Physisorption is reversible, and the energy for adsorption is low, usually < 20 kJ mol -1 (Pasco, 1985) . It is much easier for physisorption to achieve equilibrium at room temperature. At much higher temperatures, chemisorption is the main way for hydrogen uptake. The energy for adsorption is related to the bond energies of an M-H and H-H pair. For a Fe-H bond, the energy is 282 kJ mol -1 (Pasco, 1985) , which is much higher than physisorption. Usually, the physisorbed hydrogen transfers into chemisorbed hydrogen before entering into the metal.
Entry of hydrogen
Corrosion, the other main hydrogen source, can involve hydrogen in the cathodic partial reaction. The hydrogen evolution reaction (HER) may proceed through the following steps (Lasia & Gregoire, 1995; Zakroczymski, 1985 
M·H ads represents a hydrogen atom adsorbed on the metal surface. Molecular hydrogen gas can be formed and then can desorb from the sample surface, through Eqs. (3) to (5), or hydrogen can enter into the metal through the hydrogen absorption reaction (HAR). Two models of hydrogen entry were proposed, respectively, by Bockris, McBreen, and Nanis (1965) (Model A) and Bagotskaya et al. (Model B) (Zakroczymski, 1985 Bockris et al. (1965) studied HER on pure iron in 0.1 n H 2 SO 4 and 0.1 n NaOH. Their results showed a coupled discharge chemical desorption mechanism for hydrogen evolution on iron at low overpotentials (more negative than -1.02 V NHE ). The adsorption of hydrogen on the metal surface followed Langmuir adsorption, implying that hydrogen was absorbed via Model A. The processes mentioned above do not involve the presence of an oxide film, which makes the hydrogen absorption more complicated, for example, the film can reduce the apparent hydrogen diffusivity (Perujo, Serra, Alberici, Tominetti, & Camposilvan, 1997) .
Equivalence of gaseous and electrolytic charging
Two methods have been used to simulate metals used in hydrogen environments: (i) electrochemical charging (Glowacka & Swiatnicki, 2003; Glowacka, Wozniak, & Swiatnicki, 2005; Herms, Olive, & Puiggali, 1999; Li, Gangloff, & Scully, 2004; Pan et al. 2002; Panagopoulos, El-Amoush, & Georgarakis, 2005; Wang, 2009; Wang, Akiyama, & Tsuzaki, 2005a) for which the specimen is placed in an electrochemical cell, and either a current density i c or a negative potential, E c , is applied to the specimen for charging, and (ii) gas-phase hydrogen charging (Hardie, Xu, Charles, & Wei, 2004; West & Louthan, 1982) , typically at an elevated temperature. Theoretically, the same amount of hydrogen can be charged into a metal through the different charging methods, if appropriate charging parameters are chosen. The gaseous charging and electrolytic charging are equivalent. The hydrogen concentration in equilibrium is given by Sievert's law. However, the f/P data (f is the fugacity, P is pressure) for hydrogen given by Holley, Worlton, and Zeigler (1958) indicated that it was more reasonable to use fugacity 2 H f rather than pressure 2 H P in Sievert's law. Therefore, in a hydrogen gas environment, the hydrogen concentration, C H , in equilibrium dissolved in a solid metal is proportional to the square root of hydrogen fugacity, given by
where S is a solubility constant and 2 H f is the hydrogen fugacity. Bockris and Subramanyan (1971) investigated the equivalent pressure of molecular hydrogen in metals in terms of overpotential, η, during HER, where η is the deviation of the applied potential, E c , from the equilibrium potential of HER at unit fugacity, 0 .
H E In acid solutions, it is generally thought that HER is controlled by the fast discharge-slow electrochemical desorption sequence (Atrens, Mezzanotte, Fiore, & Genshaw, 1980) . In this case, the relationship between H 2 f and the electrolytic charging conditions as specified by E c is given by 2 0 2( -) 2 expexp -.
Meanwhile, in a permeability experiment, the hydrogen concentration on the entry side is proportional to the current density at steady state and given by (Hadam & Zakroczymski, 2009) ,
where e i ∞ is the steady current density at a given negative potential, L is the sample thickness, F is Faraday constant, and D is the hydrogen diffusion coefficient. Under the sole assumption that Sievert's law applies to both gas-phase permeation studies and electrolytic charging studies, then
Eq. (11) indicates that the plot of ln i ∞ and E c should be linear, which was verified by the results in the study of Atrens et al. (1980) . Thus, it is possible to conduct equivalent electrolytic and gaseous permeability studies by the choice of an appropriate applied potential E c .
Compared with gas-phase hydrogen charging, the electrochemical charging method is easier to operate. With the help of an established relationship between the gas-phase hydrogen charging and the electrochemical charging, proper potential could be set during electrochemical charging to provide a better stimulation of the actual H condition in service. In this case, the results from mechanical or fatigue tests with hydrogen charging would be more reliable for predicting the safe life of the steel. This could help the designer choose the proper steels for their designs.
Hydrogen permeation
To better understand the influence of hydrogen on steels and to estimate the safe life more accurately, it is important to know the hydrogen diffusion coefficient, D, and the hydrogen concentration, C H , in steels. It is then possible to assess how much hydrogen is in the steel and how far the hydrogen can diffuse in a given period in service.
The permeability method is the most common method used to measure these two parameters. This method is based on a membrane using either gas-phase charging or electrochemical charging. Gas-phase charging usually is applied at elevated temperatures, typically above 150°C. Electrochemical charging is more commonly used at temperatures up to 100°C. Hydrogen absorption, permeation, and desorption can be measured using the electrochemical double cell, which was first described by Devanathan and Stachurski (1962) . Hydrogen atoms are generated on one side of the membrane (the entry side) and the diffusing hydrogen atoms are oxidized on the other side (the exit side). On the entry side, solutions used are usually NaOH or H 2 SO 4 aqueous solution; on the exit side, the solution is typically NaOH aqueous solution (Addach, Berçot, Rezrazi, & Takadoum, 2009; Atrens et al., 1980; Beck, Bockris, Genshaw, & Subramanyan, 1971; Frappart et al., 2012; Grabke & Riecke, 2000; Hashimoto & Latanision, 1988a; Tau, Chan, & Shin, 1996; Yan & Weng, 2006; Zhang & Zheng, 1998) . Figure 1 shows a typical cell used for permeability test (Atrens et al., 1980) .
In the permeability method, the hydrogen in the metal is the sum of the reversible trapped hydrogen and the lattice hydrogen. Usually, the constant concentration model (Zhang, Zheng, & Wu, 1999 ) is proposed to evaluate the hydrogen diffusivity from the permeation tests. The boundary conditions are as follows:
where t is the time, C x = 0 and C x = L are the hydrogen concentrations on the entry and exit surfaces, and C 0 is the uniform concentration that is determined by the input hydrogen fugacity or the applied potential. Based on these boundary conditions, the detailed calculation methods are described as follows: (i) A common way for calculating D is the time lag method, which was proposed by Daynes (1920) 
where L is the thickness of sample, t L is the lag time; usually t L is the time when i≈0.63i ∞ . This method is simple because it does not take the absorption and desorption of hydrogen into consideration. However, the D obtained from this method is inversely proportional to the sample thickness, which is theoretically incorrect. A method similar to the time lag method is the half time method, t 1/2 . t 1/2 is the time required for the permeation flux to attain a height half of the steady-state level (McBreen, Nonis, & Beck, 1966) .
(ii) In the method of successive transients (Atrens et al., 1980) 
where B = DL -2 is the displacement distance. Alternatively, once the experimental and master plots are brought into coincidence, each value of t fixes a value of τ, so that D may be calculated from
(iii) A new model for hydrogen permeation proposed by Wang (1936) was simplified by Zhang and Zheng (1998) , considering the absorption and desorption processes as a forward and a reverse jump. In this theory, the permeation process was considered as a one-dimensional process. The diffusivity, D, is evaluated from fitting the measurednormalized permeation flux with the following equation:
where J and J ∞ are the permeation flux at the time t and at the steady state, k is the desorption rate parameter, L is the sample thickness, and λ m is the mth positive root of
The diffusivity, evaluated from the proposed model, for hydrogen diffusion in fully annealed commercially pure iron at room temperature was about 4 × 10 -5 cm 2 s -1 (Zhang & Zheng, 1998) , which was independent of sample thickness.
The diffusivity, D, can also be calculated by the following method from the shape of the hydrogen distribution. After measuring the hydrogen content distributions in specimens, using the least-square method based on Eq. (19) (Kanezaki, Narazaki, Mine, Matsuoka, & Murakami, 2008) , D can be obtained.
where x is the depth from the surface, t is the time of hydrogen charging, C s is the saturated hydrogen content by the hydrogen charging, C u is the hydrogen content of the uncharged specimen, and D is the temperaturedependent diffusion coefficient of hydrogen. With knowing D, the hydrogen concentration in the steel can be calculated according to Eq. (10) (Hadam & Zakroczymski, 2009 ). Then, the evaluation of hydrogen influence on the properties of steels can be more reasonable.
HE mechanisms
A short summary is presented of HE mechanisms. These are mainly based on pressure, decohesion, surface adsorption, and enhanced plastic flow (Beachem, 1972; Birnbaum & Sofronis, 1994; Lynch, 2009; Mukhopadhyay, Sridhar, Parida, Tarafder, & Ranganath, 1999; Nelson, 1983; Petch & Stables, 1952; Popov & Nechai, 1967; Toribio, 1996; Troiano, 1960; Zapffe & Sims, 1941) . Lynch (2012) has recently given an extensive review on the possible mechanisms for HE.
The pressure theory of hydrogen damage (Zapffe & Sims, 1941) attributes HE to the accumulation of hydrogen at voids or other internal surfaces, where hydrogen combines to form molecular hydrogen. A high internal pressure is created at these microstructural discontinuities that enhances void growth or initiates cracking. The hydrogen-enhanced decohesion (HEDE) mechanism (Mukhopadhyay et al., 1999; Toribio, 1996; Troiano, 1960) proposes that the atomic bonding of the sharp crack tip, or the particle-matrix interfaces ahead of cracks, or several tens of nanometers ahead of cracks where the tensile stress is maximum, or the position of maximum hydrostatic stress, is degraded in the presence of dissolved hydrogen. A lower stress is needed to initiate or propagate a crack. The surface adsorption theory (Petch & Stables, 1952) suggests that the surface free energy is decreased by hydrogen adsorption, and thus the fracture stress needed for a new surface is decreased. Hydrogen-enhanced local plasticity (HELP) (Birnbaum & Sofronis, 1994 ) is characteristic of atomic hydrogen that enhances the mobility of dislocations, causing locally reduced shear strength. This fracture process results in cracking by microvoid coalescence (MVC) along preferred crystallographic glide planes. HELP is a highly localized plastic failure process that causes macroscopic embrittlement. The adsorptioninduced dislocation emission (AIDE) mechanism proposes (Lynch, 1988 (Lynch, , 2009 ) that hydrogen adsorbed on the surface, and among the first few atomic layers, facilitates the nucleation of dislocations from the crack tip by weakening the interatomic bonds. In many cases, studies propose that these mechanisms are mixed (Birnbaum, 1989; Gangloff, 2003) . These mechanisms of cracking may occur simultaneously, depending on the material and the environment variables.
Hydrogen influence on tensile properties
Understanding the influence of hydrogen on the tensile properties is important to the assessment of service performance. The tensile test accompanied with microscopy is often used to study the influence of hydrogen on mechanical properties, in which a specimen is loaded in uniaxial tension until failure. The specimen can be a smooth bar, a notched bar, or a plane strain specimen. The tensile test allows the measurement of the yield strength, ultimate strength, total elongation, and the reduction in crosssectional area. Two approaches have been developed: (i) the slow strain rate test (Wang et al., 2005a; Wang, 2009; Wang, Akiyama, & Tsuzaki, 2007; Zakroczymski, Glowacka, & Swiatnicki, 2005) , which increases strain until fracture, and (ii) the linearly increasing stress test (LIST) (Atrens, Brosnan, Ramamurthy, Oehlert, & Smith, 1993; Gamboa & Atrens, 2003a ,b, 2005 Liu, Irwanto, & Atrens, 2013; Ramamurthy & Atrens, 2010; Ramamurthy, Lau, & Atrens, 2011; Villalba & Atrens, 2007 , 2008a ,b, 2009 , which increases stress until fracture.
Ductility
Ductility is an important property of materials. The ductility can be quantified by (Dieter, 1961 ) (i) the fracture strain, ε f %, which is the engineering strain at which a test specimen fractures during a uniaxial tensile test, or (ii) by the reduction of area at fracture, R A %, which can be evaluated by the following equation:
where A i and A f are the initial and the final fracture areas, respectively. It is reasonable to assess (i) the influence of hydrogen on ductility and ii) the significance of HE by the difference in values of fracture strain or R A % obtained with or without hydrogen charging.
Tests by Marchetti, Herms, Laghoutaris, and Chêne (2011) showed that for the ferritic-martensitic steel T91, the elongation and the reduction of area decreased due to hydrogen charging. This is consistent with the influence of hydrogen on the ductility of A-106 steel (Sudarshan, Louthan, & McNitt, 1978) . The ferritic-martensitic steel T91 could experience significant HE with hydrogen charging. Maier, Popp, and Kaesche (1995) showed that for 90MnV8, hydrogen charging caused a more significant reduction in ductility as the charging current density increased, as is shown by Figure 2A . In air, the effect of strain rate on elongation to fracture was only minor; Figure 2B shows that the ductility decreased at lower strain rates for specimens being hydrogen charged.
A trend of decreasing tensile ductility with increasing gas pressure was observed by Nanninga et al. (2012) . The ductility of X52, X65, and X100 was significantly degraded by gaseous hydrogen. For example, compared with 76% in air, the R A % of X100 reduced to 23% in hydrogen gas with a pressure of 27.6 MPa. The results presented by Arafin and Szpunar (2011) showed similar results for X80 and X100, indicating that both steels were highly vulnerable to HE at cathodic potentials, especially at a more negative potential. This agrees with the investigation of X80 by Moro et al. (2010) . Torres-Islas, Salinas-Bravo, Albarran, and Gonzalez-Rodriguez (2005) found that the influence of hydrogen was considerable on the quenched, and both quenched and tempered X70, specimens. Sojka et al. (2011) found that the elongation reduced with hydrogen content in TRIP 800 steels, indicating that the steels were embrittled to different degrees depending on the hydrogen content in steels. Significant HE can be provoked for very high hydrogen content. Moon, Balasubramaniam, and Panda (2010) showed that rail steels of C-Mn, Cu-Mo, and Cr-Cu-Ni were susceptible to HE based on the reduction in both the elongation and R A %.
Using LIST (Atrens et al., 1993; Gamboa & Atrens, 2003a ,b, 2005 Liu et al., 2013; Oehlert & Atrens, 1996; Ramamurthy & Atrens, 2010; Ramamurthy et al., 2011; Villalba & Atrens, 2007 , 2008a ,b, 2009 ), Villalba and Atrens (2007) showed that hydrogen caused significant loss of ductility for some medium-strength steels (1019, MRB500, X1340F, YK5155S, 4145V, 10M40, X11M47, and HSAC840) in the form of smaller strain to fracture, ε f %. For example, for the X1340F steel, ε f % equaled 24% and 9% in air and in the sulfate pH ∼2.1 solution used to charge hydrogen. The lower value of ε f % obtained in solution ), compared with a test run in air, T = 293 K. Reprinted from Maier et al. (1995) with permission from Elsevier.
implied that the steel had experienced some embrittlement, although the fracture surface did not show SCC features. In contrast, 1003 showed little ductility in the pH ∼2.1 solution and brittle SCC features (Villalba & Atrens, 2007) . The quenched and tempered 3.5NiCrMoV steel (Liu et al., 2013 ) also experienced some ductility reduction by smaller R A % under hydrogen charging, which decreased more with decreasing applied potential (more hydrogen). This is essentially the same phenomenon as that showed in Figure 1A (Maier et al., 1995) . However, it was notable that although the tested 3.5NiCrMoV steel slightly suffered from some HE, there was no SCC feature on the fracture surface, which was mostly covered by dimples. The appearance of HE only occurred after the onset of necking.
After hydrogen charging, the R A % of 4307 and 1022QT reduced from 55% to 46% and from 52% to 43%, respectively (Lukito & Szklarska-Smialowska, 1997 ). Lukito and Szklarska-Smialowska (1997) defined a '% ductile mode' to represent the fraction of the neck that fractured by a ductile failure mode. The results showed that the variation in this parameter between the charged and the uncharged samples was very small for both steels. The decreases in '% ductile mode' after hydrogen charging were 1.3% and 1% for 4037 and 1022QT, respectively. This implied that hydrogen did not have a significant influence on the ductility of those two steels, indicating these two steels have good resistance to HE.
In conclusion, the ductility of materials can be influenced by hydrogen, but it is not always considerable. For some medium-strength steels, the reduction in ductility due to hydrogen was obvious, indicating that the steels have experienced HE, and would be expected to undergo unexpected brittle fracture if exposed in service under conditions producing hydrogen. However, there were some steels that showed good ductility with only a slight decrease in R A % under hydrogen charging; these steels present good resistance to HE. There were similar steels with similar composition and microstructural characteristics that showed very different influence of hydrogen, ranging from good resistance to significant embrittlement (Gamboa & Atrens, 2003a ,b, 2005 Villalba & Atrens, 2007 , 2008a ,b, 2009 ). Clearly, a better understanding of the interaction of hydrogen with microstructural characteristics is needed.
Embrittlement and hardening by hydrogen
Both HELP and AIDE mechanisms indicate that hydrogen could embrittle the steel, and the observations of enhanced dislocation nucleation and increased dislocation velocities in the presence of hydrogen and much research (Araújo et al., 2011; Cracknell & Petch, 1955; Hirth, 1980; Sudarshan et al., 1978) have verified this conclusion. Araújo et al. (2011) found that the API 5L X60 steel presented a softening process with hydrogen charging, observed by the decrease in yield strength and increase in the ductility. Sudarshan et al. (1978) showed that the yield point of A-106 steel was reduced by exposure to gaseous hydrogen, as did the fracture strength. Lukito and Szklarska-Smialowska (1997) presented that the tensile strengths of 4037 and 1022QT were slightly lower after being charged by hydrogen, indicating that hydrogen did not produce a significant effect on the tensile properties of these steels.
In contrast, there are many reports as well showing that hydrogen strengthened the materials. The slope of the stress-stain curve and the ultimate tensile strength (UTS) for the spheroidized low-alloy steel 90MnV8 (Maier et al., 1995) was not affected by hydrogen charging. Villalba and Atrens (2008b) found that X70 showed similar values of the UTS in air and with hydrogen charging, whereas the values of UTS of 4140H were higher with hydrogen charging. The investigation of three pipeline steels by Nanninga et al. (2012) showed that there were slight increases in yield and tensile strength by hydrogen. Nanninga et al. stated that gaseous hydrogen did not have a significant effect on either the yield or tensile strength. LIST research on 3.5NiCrMoV steel (Liu et al., 2013 ) also showed that the yield stress and the fracture stress were increasing slightly instead of decreasing with negatively increasing charging potential. A similar trend was observed for the ferriticmartensitic steel T91 (Marchetti et al., 2011) . Based on the results from Atrens (2007, 2008b) , Marchetti et al. (2011), and Liu et al. (2013) , it is concluded that for these steels, instead of degradation, hydrogen raised the yield stress and the fracture stress slightly; these materials were hardened by hydrogen. This phenomenon was reported by others as well (Abraham & Altstetter, 1995; Caskey, 1981; Louthan, Caskey, Donovan, & Rawl, 1972; Matsui, Kimura, & Moriya, 1979; Oguri, Takaki, & Kimura, 1982; Oriani & Josephic, 1980; Siddiqui & Abdullah, 2005; Thomson, 1978; West & Louthan, 1982) . It was proposed that the hardening of materials with hydrogen could be interpreted as a result of hydrogen-dislocation interactions (Abraham & Altstetter, 1995; Louthan et al., 1972; Matsui et al., 1979; Oriani & Josephic, 1980) . The increase in yield stress in the presence of hydrogen was explained by the inhibition of moving dislocation or impeding cross slip by hydrogen (Abraham & Altstetter, 1995; Oriani & Josephic, 1980) . It is concluded that hydrogen embrittles some medium-strength steels by giving lower yield stress or tensile stress. In some cases, the material was hardened in the presence of hydrogen presenting a higher yield stress or fracture stress. There were some other mediumstrength steels, even though the reduction in ductility due to hydrogen was significant, hydrogen did not produce a significant influence on the UTS and yield stress, even under severe hydrogen charging conditions.
Fracture with hydrogen charging
The fracture surfaces obtained under hydrogen charging may be a mixture of topographies, as shown in Figure 3 ( Gamboa & Atrens, 2003a) , such as secondary cracks, corrugated irregular surface (CIS), tearing topography surface (TTS) (Toribio, Lancha, & Elices, 1991a) , quasi-MVC (qMVC), MVC, and fast fracture surface (FFS) instead of pure MVC as often occurs on uncharged specimens. TTS, having spacing that is only slightly coarser than that of pearlite's, is characterized by a ridge pattern free from the pearlite microstructure. It occurred close to the free surface due to HE (Toribio, Lancha, & Elices, 1991b) . CIS was characterized as porous irregular corrugated surfaces joined by rough slopes. It was described as a network of corrugated surfaces, displaying a network of branched channels joined by rough slopes. qMVC surface contained much flatter microvoids, similar to the MVC in pure ductile failure samples. This was attributed to some hydrogen entering the material but not in sufficient concentration to cause the morphology to resemble that of CIS. It is almost a ductile fracture. The MVC displayed dimples. FFS consisted of flat areas marked by tear lines. The orientation of the maples leaves in the FFS tended to far away from the crack initiation site, which was due to the crack propagating quickly away from the subcritical growth area. Figure 4 presents the daisy-like features observed on the hydrogen-charged 3.5NiCrMoV specimens (Liu et al., 2013) . The examination of the daisy-like features indicated
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Figure 3 Typical features on a brittle surface: (A) TTS, (B) CIS, (C) qMVC-FFS, (D) FFS.
Reprinted from Gamboa and Atrens (2003) with permission from Elsevier.
that there were inclusions in the centers of these features, implying these inclusions were probably the initiation sites of the hydrogen-related fracture events associated with the daisy-like features. Inclusions are an inevitable part of the microstructure of commercial steels such as 3.5NiCrMoV (Lynch, 1988; Popov & Nechai, 1967) . Presumably, the hydrogen-inclusions interactions might lead to the occurrence of daisy-like features. In some cases, there is no necking and only brittle fracture in the presence of hydrogen. However, necking may exist even in the presence of hydrogen, and the fractography can be dominated by ductile dimples. The investigations (Villalba & Atrens, 2007 , 2008a ,b, 2009 and 4145H showed that all the samples of X70 and 4145H
on X70
showed ductile characteristics in all tested conditions, no matter, at the free corrosion potential, or at increasingly negative applied potential values up to -1500 mV. With decreasing applied potential, the aggressiveness of the environment increased on account of increasing hydrogen liberated the specimen surface. However, the fractography of X70 observed by Wang (2009) indicated that the average size of dimples after hydrogen charging was smaller than that of uncharged specimens and became smaller as the charging current density increased. The decrease in diameter of dimples reflected the loss of ductility of the steel. Moreover, Wang indicated that the fracture morphology can be influenced by the hydrogen charging process. The fracture surfaces, either hydrogen pre-charged or without hydrogen charging, were characterized by dimples, whereas under dynamic hydrogen charging, the fracture surface was dominated by the cleavage morphology. The different fracture surfaces obtained from pre-charged and dynamic charged specimens revealed that they were related to different fracture mechanisms. According to the experimental fracture morphology, HELP was responsible for the reduction of the fracture toughness in the former, with dimples all over the surface and HEDE for the latter, with the appearance of cleavage facets. This indicates that there can be different consequences with different hydrogen charging processes. The influence of hydrogen on the fracture was presented by surface cracks as well, as shown in Figure 5 (Liu et al., 2013) . Marchetti et al. (2011) stated that with hydrogen charging, (i) cracking occurred in the necked part and (ii) only occurred after the onset of necking and the brittle zone located at the edge of the fracture surface increased with charging current. Marchetti et al. (2011) proposed that (i) there was a critical hydrogen concentration for crack initiation and (ii) the extent of cracking directly depended on the hydrogen concentration. Meanwhile, Brass and Chêne (2006) found that there was a strong influence of the deformation mechanisms associated with the material microstructure on the strain-induced changes of the permeation current density. Thus, Marchetti et al. (2011) attributed the increase of apparent hydrogen diffusion coefficient (D app ), with increasing charging current, to the combination of the increased trapping rate on preexisting and strain-induced traps during the deformation and to H dragging by moving traps such as dislocations (Hashimoto & Latanision, 1988b) . The consequence of increased D app would be increased local hydrogen concentration and increased crack depth on the fracture surface.
In summary, due to hydrogen, brittle features such as CIS, TTS, qMVC, FFS, and daisy-like feature can be observed on the fracture surface. However, for steels having a good resistance to HE, the fracture surface was mainly occupied by dimples interpreted with small brittle features.
The hydrogen influence on fatigue
Fatigue occurs when a material is subjected to repeat loading and unloading. If the loads are above a threshold, microscopic cracks begin to form at the surface. Eventually, a critical size of the crack is reached, leading to sudden fracture. In the presence of hydrogen, in most cases, the fatigue properties are degraded.
Fatigue life and fatigue limit
Generally, fatigue life could be reduced drastically, for example, by more than 80%, in the presence of hydrogen (Balitskii, Krohmalny, & Ripey, 2000; Ćwiek, 2007; Fukuyama, Yokoyawa, Kudo, & Araki, 1985; Kuromoto, Guimarães, & Lepienski, 2004; Labidi, Habashi, Tvrdy, & Galland, 1992; Nagumo, Shimura, Chaya, Hayashi, & Ochiai, 2003; Tsuchida, Watanabe, Kato, & Seto, 2010) , whereas the fatigue limit is lower but not much compared with no hydrogen charging (Capelle, Gilgert, & Pluvinage, 2010; Fukuyama et al., 1985; Kishi & Takano, 2010; Macadre, Yano, Matsuoka, & Furtado, 2011 ; Matsubara & Figure 6 Fatigue test results from Murakami and Matsunaga.
Reprinted from Murakami and Matsunaga (2006) with permission from Elsevier. Hamada, 2006; Nagata, Guy, & Murakami, 2005; Nagumo et al., 2003) . The examination on the medium strength steels showed a similar trend. The results from Murakami and Matsunaga (2006) in Figure 6 indicated that fatigue life was reduced significantly with hydrogen charging. The fatigue test results from Wada, Ishigaki, Tanaka, Iwadate, and Ohnishi (2005) showed that hydrogen induced considerable reductions in cycles to failure as well, but the reduction tended to be less as the plastic strain range decreased. Meanwhile, Wada et al. (2006) found that the fatigue limit was not influenced by hydrogen.
The investigation on a tempered martensitic NiCrMo steel (Macadre et al., 2011) showed that with hydrogen charging, the decrease in fatigue life was significant, about 20% of that uncharged samples. However, the difference between fatigue limits of the uncharged and charged specimens was not obvious.
The low cycle fatigue (LCF) life of 2.25Cr1Mo (Han & Feng, 1995) was reduced remarkably, about 80%, by hydrogen compared with non-hydrogen charging. SEM analyses indicated that hydrogen atoms accelerated crack initiation of LCF from inclusions and transferred the source of LCF crack from the surface of specimen to the inclusion, which resulted in the considerable decrease in LCF life. However, the original stress amplitudes for hydrogen-charged specimens were higher than that of uncharged specimens at the same strain amplitude, and the difference between them increased with increasing strain amplitude. They stated that this phenomenon was attributable to the drag effect of hydrogen on the moving dislocations (Abraham & Altstetter, 1995; Oriani & Josephic, 1980) , which was relieved with increasing cyclic number, considering more and more hydrogen accumulated toward interfaces and microvoids that initiated from the secondary phase particles.
For medium-strength steels, fatigue life could be reduced by almost 80% in the presence of hydrogen, whereas the decrease in fatigue limit is not that significant, much < 10%.
The threshold stress intensity factor range (ΔK th ) for crack growth
In the presence of hydrogen, ΔK th could be changed compared with the value obtained in air. The results given by Andreikiv and Goliyan (1986) showed that hydrogen reduced ΔK th for 35KhN3MFA rotor steel. However, ΔK th does not always decrease due to hydrogen. Shih and Donald (1981) showed that hydrogen had little influence on the ΔK th of a NiMoV rotor steel. Meanwhile, there are some factors such as the stress ratio (R), temperature, yield stress of the material, and test frequency, that can affect the hydrogen influence on ΔK th . Balitskii, Boichenko, Sosnin, and Shokov (1987) found that ΔK th decreased in the presence of hydrogen and decreased even more at a lower loading frequency.
The influence of hydrogen on the ΔK th depends on the yield stress of the material. Kozak (1985, 1987) measured da/dN vs. ΔK of 40 Kh and 35khN3MFA steels after tempering at different temperatures. The results given by Romaniv et al. (1985) indicated that in vacuum and air, ΔK th decreased with increasing yield strength. In the presence of hydrogen, a strong negative influence of hydrogen on ΔK th occurred only for metals with low σ 0.2 values. At medium σ 0.2 values, there was an increase in the thresholds ΔK th in hydrogen compared with that in air. No obvious influence of hydrogen on ΔK th of high-strength steels (σ 0.2 > 1500 MPa) was observed compared with that in air.
The stress ratio applied during testing could also affect hydrogen influence on ΔK th . With increasing stress ratio R, ΔK th decreased for both air and hydrogen environments (Iacoviello & Di Cocco, 2007) . The study of Denk, Lepik, and Ebi (1993) indicated that for the 3.5NiCrMoV rotor steel, for positive R, ΔK th in hydrogen decreased with increasing R. This agreed with the results of Musuva and Radon (1979) . However, it is worth noting that the R dependence of ΔK th on hydrogen was not significant.
Temperature is also an influential factor. Denk et al. (1993) showed that in air, the value of ΔK th decreased as the temperature increased from 20°C to 100°C. In hydrogen, the threshold values increased at elevated temperatures, passing through a maximum at 60°C.
In conclusion, the influence of hydrogen on the ΔK th is dependent on many factors such as loading frequency, stress ratio, hydrogen concentration, and the material. Generally, at room temperature, ΔK th would be lower than that obtained in air in the presence of hydrogen.
FCG rate
With a hydrogen content of 0.08-0.25 ppm, the maximum increase in FCG of SNCM439 steel could be about 9 times that of uncharged specimens (Macadre et al., 2011) . The FCG rate of 2.25Cr1Mo with a martensitic microstructure was increased in the hydrogen environment (Hippsley, 1987) . Tau et al. (1996) agreed that hydrogen accelerated the FCG rate, but they mentioned that the hydrogen-assisted FCG rate for the tempered martensites increased significantly with decreasing tempering temperature. That is, the degree of hydrogen influence on the FCG rate depends on other factors as well such as frequency, stress ratio, and so forth.
Generally, at a lower frequency, there would be more time for hydrogen diffusing into the crack tip, leading to a higher FCG rate (Murakami & Matsuoka, 2010) . The investigation the FCG behavior of 2NiCrMoV (Smith & Stewart, 1979) showed that the FCG rates was dependent on test frequency. With decreasing frequency, the influence of hydrogen on the FCG rates became more significant. Some researchers (Macadre et al., 2011; Musuva & Radon, 1979; Romaniv et al., 1987) found the same trend. Figure 7 is an example graph illustrating the accelerated FCG rate at lower frequency in the presence of hydrogen.
The stress ratio is also an important factor for the hydrogen influence on the FCG rate. The cyclic stress intensity range, ΔK, is related to maximum applied stress intensity, K max by the function (Nanninga, Slifka, Levy, & White, 2010) :
As R increases, K max increases at a given ΔK. The investigation by Musuva and Radon (1979) presented that a higher FCG rate can be caused by the increased positive stress ratio at a given value of ΔK, as demonstrated in Figure 8 .
The hydrogen charging condition is also a factor. As mentioned previously, as the potential becomes more Reprinted from Musuva and Radon (1979) with permission from Wiley.
negative, more hydrogen is generated, leading to a more aggressive hydrogen condition (Atrens et al., 1980) . Li, Wei, Zhang, and Tang (1993) found that for 12Mn-2V-B, the acceleration of the FCG rate by hydrogen was obvious and increased more at a more negative potential. In most cases, for medium-strength steels, the FCG rate was accelerated by hydrogen. The significance of this acceleration could rely on many factors such as loading frequency and stress ratio. Generally, at room temperature, FCG could be accelerated by hydrogen up to two orders of magnitude.
Fatigue fracture features
In the presence of hydrogen, the fatigue fracture surface shows special features induced by hydrogen.
Hydrogen-inclusions interaction
As mentioned in the HEDE mechanism, the inclusionmatrix interface is attractive to hydrogen. The interaction between hydrogen and inclusions leads to different fracture features. Han and Feng (1995) found that the crack initiation for LCF occurred at the surface of uncharged 2.5Cr1Mo specimen, whereas for the hydrogen-charged specimen, the crack initiated as a microvoid at large inclusions including those containing Al and Mn. Han and Feng stated that the crack initiation at inclusions was because of the reduction in interface cohesive strength of the particle, and the acceleration of microvoid initiation at the inclusion, because of the high hydrogen concentration at the particle interface due to the high stress concentration and the high triaxial hydrostatic stress at the inclusion. Tsuchida et al. (2010) also found that fatigue cracks in uncharged S10C (low-carbon steel) specimens initiated at the surface and propagated into the specimen with a mechanism that produced striations on the fracture surface, whereas crack initiation after hydrogen charging was inside the specimen, resulting in a fish-eye mark on the fracture surface. Macadre et al. (2011) found fatigue cracks invariably initiated at large long clusters of Al 2 O 3 inclusions for all smooth NiCrMo steel specimens, no matter uncharged or hydrogen-charged specimens, as shown in Figure 9 . Fish-eye marks were frequently observed for cracks originating from inner defects such as single inclusions and small inclusion clusters (Li et al., 2008) . Murakami, Nomoto, and Ueda (2000) stated that hydrogen trapped by nonmetallic inclusions was a crucial factor during fatigue and that careful attention should be paid to inclusions when evaluating fatigue properties.
Other features induced by hydrogen
The observation of the fatigue features on stainless steels showed that with hydrogen charging, (i) discrete and localized slip bands were nucleated (Kanezaki et al., 2008; Murakami & Matsuoka, 2010; Uyama, Mine, Murakami, Nakashima, & Morishige, 2005; Uyama, Nakashima, Morishige, Mine, & Murakami, 2006) , (ii) the fatigue crack was more linear and much thinner than that in the uncharged specimens (Kanezaki et al., 2008; Murakami & Matsuoka, 2010) , (iii) the area fraction of striation and the striation height were reduced (Aoki, Kawamoto, Oda, Noguchi, & Higashida, 2005; Kanezaki et al., 2008) , and (iv) the striation spacing was wider (Aoki et al., 2005) ; hydrogen accelerated the FCG rate. They (Aoki et al., 2005; Kanezaki et al., 2008; Murakami & Matsuoka, 2010; Uyama et al., 2005 Uyama et al., , 2006 stated that these changes were due to hydrogen-enhanced slip localization at the fatigue crack tip, which led to a decrease in the plastic zone size, which is an increasingly localized plastic deformation at the fatigue crack tip. These changes in fatigue features could be applicable to medium-strength steels.
Furthermore, intergranular fracture could be induced by hydrogen. Zima and Kozak (1986) showed that for 35KhN3MFA steel in medium-strength conditions, a considerable number of intergranular facets were observed. Compared with tests in vacuum or in air, the exceptional fractographic resolution of the striations was obtained in gaseous hydrogen. Zima and Kozak concluded that gaseous hydrogen promoted the occurrence of micromechanism of striation formation in the low-and medium-strength conditions. Takeda and McMahon (1981) observed two types of hydrogen-induced cracking (HIC): plasticity-related HIC (PRHIC) and intergranular HIC (IGHIC). They stated that PRHIC was strain controlled and intrinsic to steel deformed in hydrogen. It could not be avoided except by the exclusion of the hydrogen. IGHIC was considered as a stress-controlled mode and as the main mode in practice, especially in the early stage of cracking. IGHIC was attributed to impurity segregation at grain boundaries; thus, it could be decreased by steel purification and optimization of steel composition.
Microstructural effects on the resistance of steels to HE
For all steels, the yield strength is the critical factor determining the susceptibility to HE (Floreen, 1985) . Steels possessing high yield strengths, especially for those higher than 1500 MPa, have poor resistance to HE. For lower yield strengths ( < 1000 MPa), the microstructure becomes an influential factor on HE resistance. Hydrogen trapping in steels can affect and control their susceptibility to HE (Park, Koh, Jung, & Kim, 2008; Pressouyre, 1979 Pressouyre, , 1980 Pressouyre, , 1983 Pressouyre & Bernstein, 1978 , 1981 Valentini & Salina, 1994) . Pressouyre (1979) summarized potential traps for hydrogen in steels and classified those into three kinds: (i) attractive traps such as dislocations, crack tip, coherent and semicoherent grain boundaries and particles, and so forth; (ii) physical traps such as high-angle grain boundaries, voids, and incoherent particle-matrix interfaces (for example, incoherent TiC, Fe 3 C, and MnS) and so on; and (iii) mixed traps, i.e., combinations of the previous two types. He stated that attractive trapping was more reversible than physical trapping. Traps that really matter with the susceptibility to HE are reversible traps because irreversible traps function as sinks for hydrogen, making it hard for the hydrogen to jump out. It is believed that the best microstructure was to have no reversible traps but with a high, uniform density of fine, incoherent particles as irreversible traps (Pressouyre, 1979 (Pressouyre, , 1980 Pressouyre & Bernstein, 1981) . Thermal desorption spectroscopy (TDS) is a good method to investigate traps, including reversible and irreversible traps, in steels (Frappart et al., 2011; Hagi, 1997; Lee & Lee, 1986; Nagumo, Nakamura, & Takai, 2001; Pérez Escobar, Depover, Duprez, Verbeken, & Verhaege, 2012a; Wang, Akiyama, & Tsuzaki, 2005b; Wei, Hara, & Tsuzaki, 2004; Yagodzinskyy, Todoshchenko, Papula, & Hänninen, 2011) . The TDS results would be helpful to improve the resistance to HE for steels. The research by Park et al. (2008) showed that microstructures affected both hydrogen trapping and diffusion in steels and consequently influenced the resistance to HE. The hydrogen trapping efficiency was increased in the order of the degenerated pearlite, bainite (B), and acicular ferrite (AF), with AF being the most efficient. B was a more sensitive microstructure to HIC than was AF. As the microstructure changed from F/AF to F/B, the resistance to HIC decreased because the crack propagation was hindered by the high toughness of the AF. Valentini and Salina (1994) stated the hydrogen influence on the behavior of steels was related to the trapping of hydrogen within the microstructure. Their results for 2.25Cr1Mo steel showed that although each the typical microstructure was martensite, because the different traps in the microstructure appeared at different temperatures, there was a big difference in the susceptibility to HE. The water quenched without tempering sample had the worst resistance to HE. The one tempered at 690°C presented the best resistance to HE. They explained that at this temperature, (i) there was a minimum number of reversible sites due to the dissolution of Mo 2 C and (ii) there were irreversible sites due to M 7 C 3 and M 23 C 6 precipitates. Luppo and Ovejero-Garcia (1991) stated that there was a direct relationship between HE susceptibility and the microstructure. Among the four microstructures they tested -equiaxial F and fine pearlite with some inclusions (normalized), lath martensite (quenched), tempered martensite at low temperature (QTL), and tempered martensite at high temperature (QTH, 773 K), the lath martensite had the lowest diffusion coefficient, highest quantity of desorbed hydrogen, and the worst resistance to HE. Meanwhile, QTH had the best resistance to HE, showing no loss in ductility and ductile fracture surface.
The investigation by Carneiro, Ratnapuli, and de Freitas Cunha Lins (2003) on the microstructure influence on HIC resistance of API pipeline indicated that the refined and homogeneous quenched and tempered B/ martensite microstructures had the best performance with respect to HIC.
Even with the help of TDS, the effects of microstructure on the resistance to HE is still unclear. More work still needs to be done. Based on the data presented above, it is agreed that the tempered martensite microstructure usually is considered as having the best resistance to HE, and the untempered martensite the worst. Choosing a proper tempering condition for martensite microstructure steels is critical to get a good resistance to HE (Luppo & Ovejero-Garcia, 1991; Pressouyre, 1979; Valentini & Salina, 1994 ).
Concluding remarks
There are several aspects that needed to be addressed. 1. Although lots of effort had been put into the investigation of the hydrogen influence on steels, most of the research focused on high-strength steels, stainless steels, and pipeline steels. There are few studies focusing on the influence of hydrogen on medium-strength steels with a martensitic structure, or they were kept secret. Although some martensitic steels have already been safely in service for decades, it is beneficial to have a deeper understanding of the influence of hydrogen on these steels. That is needed for a more accurate estimation of the safe life of these components in service, and furthermore, to reduce damage due to hydrogen to the greatest possibility. 2. A systemized platform. The investigations concerning the hydrogen influence are numerous. However, it is still hard to estimate how significant the hydrogen influence is on an untested material because it is not easy to find a similar material that has been tested. Therefore, a systemized platform including all known information would be useful. The platform including all the test results to the present, such as the material composition, strength, microstructure, properties with and without hydrogen influence, would be very useful for estimating the behavior of a material in an environment with hydrogen. Thus, less effort would be needed to verify the preliminary assessment. This would be not only helpful for engineers when choosing proper materials to use but this also good for accelerating the emergence of new materials. However, there are many difficulties, for example, some research studies are not public; test methods are not standardized. This is an ambitious proposal, requiring numerous human, material, and financial resources. It is difficult, but worthwhile. 3. Although some steels have mechanical strengths changed by a small amount in the presence of hydrogen, some steels exhibit significant loss of ductility due to hydrogen and may suffer catastrophic fast fracture. Such loss of ductility and propensity for fast fracture can have significant implications for service of the susceptible steels. 4. It is not clear why there can be significant differences in the influence of hydrogen on similar medium-strength steels, ranging from significant embrittlement to good resistance to hydrogen. This phenomenon merits further mechanistic research, particularly promising appears to be the study of hydrogen defect interactions using TDS (Frappart et al., 2011; Lee & Lee, 1986; Pérez Escobar et al., 2012a,b; Pérez Escobar, Duprez, Atrens, & Verbeken, 2013; Wei et al., 2004; Yagodzinskyy et al., 2011) . 5. Modeling by computer. With the increasing science and technology, computer modeling is becoming more and more common and useful in the service. However, there are only a few models of interaction between hydrogen with steels (Fischer, Mori, & Svoboda, 2013; Legrand, Bouhattate, Feaugas, & Garmestani, 2012) . Therefore, in the future, modeling could be an important direction for research.
